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ALTERNATI VE SLUDCGE DEWATERI NG TECHNI QUES
FOR
WASTEWATER TREATMENT FACI LI TI ES

1. | NTRODUCTI ON

The typical governnment-owned wastewater treatnment facility
serving a US. Arny or Air Force installationis simlar to a
smal | mnunicipal treatnment plant. The nethods used for treatnent
and di sposal of sludge at nunicipal plants are also found at
mlitary facilities. The handling and di sposal of sl udge
generated at mlitary installations nust be consistent with
national, state, and local regulations. Dewatering of sludge to
reduce the volunes requiring ultimate disposal is a significant
part of the overall treatnent and di sposal process.

2. BACKGROUND

Because of its relative sinplicity and econony of operation,
many U.S. Arny installations use anaerobic or aerobic sludge
di gestion, followed by conventional sand drying beds for
dewat eri ng of sludge before final disposal to a landfill. The
desi gner must weigh the benefits of sand dryi ng beds agai nst the
relatively long times required for drying (up to three to four
weeks), a continuous requirenent for manual sludge renoval, and a
need for a large, dedicated |and area. Moreover, there are
operational problens associated with nmedia and underdrain
clogging. |In addition, outdoor drying beds are vulnerable to
adverse weat her conditions. Over the years, many inprovenents in
sl udge processing techni ques have occurred. Anong the prom sing
t echnol ogi es being used successfully in the treatnment of sludge
at small -scal e nmunici pal wastewater treatnent plants are
wedgewat er beds, vacuum assisted drying beds, reed bed systens,
and sludge freezing techniques. The Corps of Engi neers has been
slow to adopt these technol ogies, but has been studying them
intensively as potential sludge dewatering alternatives. The
U S. Arny Construction Engineering Research Laboratory (USACERL)
has conpl eted several evaluation projects involving wedgewat er
bed, vacuum assisted bed, and reed bed technology. Full scale
denonstration projects conducted by U S. Arny Cold Regions
Research and Engi neering Laboratory (CRREL) have shown sl udge
freezing to be effective.

3. PURPOSE
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Two U.S. Environnmental Protection Agency (USEPA) Process
Desi gn Manual s, (a) Sludge Treatnent and Di sposal, and (b)
Dewat eri ng Muni ci pal Wastewater Sludges, along with Arny TM 5-
814-3, Donestic Wastewater Treatnent, and Water Environnent
Federation (WEF) Manual of Practice No. 8, contain a detailed
di scussion of the nore commonly used sl udge dewatering nethods
such as drying beds, filter press, centrifuge, etc. The designer
is directed to these publications for selection and process
desi gn of these systens. The purpose of this ETL is to introduce
designers to several newer, |ess-energy intensive, sludge
dewat eri ng techni ques whi ch have not been as commonly used, but
may be applicable at some Arny wastewater treatnent plants. They
are the wedgewater bed, vacuum assisted bed, reed bed, and sl udge
freezing beds. Criteria for design and construction of these
sl udge dewatering techniques at Arny and Air Force installations
is included. This ETL is intended to pronote new i nformati on and
suppl enment criteria found in HQUSACE Architectural and
Engi neering Instructions, Design Criteria. Information contained
inthis ETL will be used until the criteria can be incorporated
into TM 5-814-3, Donestic WAstewater Treatnent.

4. WEDGEWATER BED

Wedgewat er, or wedgewi re beds, are often constructed with an
interlocking synthetic filter nmedia placed on a concrete basin
with an underdrain system Polyner is always added to the sl udge
before placenent on the nedia surface. Wadgewater bed systens
can produce sludge with a final solids content of about 8-12
percent in 24 hours and up to 20 percent given additional drying
time. Beds are usually uncovered, but may be covered to protect
sl udge from excessive precipitation. The process is best suited
for smaller treatnent plants, 1,893 n#/d (0.5 ngd) or less, and
in nmoderate climates. USACERL has found that wedgewater systens
have been used successfully in plants with flows up to 28, 387 n#
/day (7.5 nmgd)(2). A typical facility consists of the follow ng:

I an outdoor, concrete structure with synthetic nedia plates
I filtrate collection and drai nage system (outl ets)

I polyner feed system

sl udge distribution system (inlets)

washwat er system
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I Figure 4-1 shows typical sections of a wedgewater drying bed
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Figure 4-1 Section--Typical Wedgewater Bed

4.1 Recomended Desi gn Consi derations:

4.1.1 The main structure should consist of a concrete floor with
a drai nage system sidewalls, approximately 0.6 m (2 ft) high,

sl udge distribution piping, supernatant decanting system and
vehi cl e entrance for sludge renoval

4.1.2 Manually renovabl e wooden planks are to be installed at
t he vehicle entrance.

4.1.3 Al though nost wedgewater operations are uncovered, use of
a translucent roof or canopy is recomended in areas with
significant precipitation.

4.1.4 Filtrate is drained by gravity through the wedgewater
medi a and over the concrete floor. The floor should be designed
with a slope of 0.5 to 1.0 percent to facilitate gravity drai nage
and avoid solids buildup under the nedia. Additional pipe

drai nage systemnmay be installed. As a rule-of-thunb, there
shoul d be one drai nage outlet for each 2.25 nt (25 ft?) of nedia.
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4.1.5 The nedia manufacturer's recommendati ons shoul d be
considered for design of a synthetic nedia dewatering system
The basis for design is the plant's average annual sl udge
production rate in dry solids (ie., kilogranms or pounds per year)
and the nunber of cycles per week that can conveniently be
performed. For reliability, a mnimmof two beds should be
constructed. USEPA states that solids loading rates of 2 to 5
kg/n?/cycle (0.4 to 1.0 Ib/ft?/cycle) are typical (6).

Adj ust nents, based on the expected efficiency and effectiveness
of the operation, may al so be considered. The nunber of
operational cycles per year will vary. Wile the literature
suggests that 24 hour cycle tinmes are acceptable, it is
recommended that the design be based on two cycles per week. The
design shall allow for downtine for cleaning of beds. Sludge

| oadi ng rates should be approximately 9.4 L/s (150 gpn).

4.1.6 The general dinensions of each bed should be limted to
approximately 7.6 mw de x 15.25mlong (25 ft by 50 ft) . This
will avoid problens with thermal expansion of the nmedia and with
t he separation of solids before even distribution of sludge can
occur. Additional sludge distribution inlets are also required
as conpared to conventional sand drying beds.

4.1.7 Supernatant decanter devices are recommended to
si mul taneously renove water fromthe surface of the beds.

4.1.8 H gh pressure washwater systens using treated effluent are
recommended for tile cleaning.

4.1.9 The supernatant and filtrate shall be routed back to the
headwor ks, primary clarifier, or aeration basin for additional
treat ment.

4.2 Operational I|ssues:

4.2.1 Problens associated with these systens are due to
i nadequate nedi a cl eaning, front-end | oader danmage, and

engi neering errors. |f the beds are properly designed,
constructed, operated, and nmaintained, the beds wll have a | ong
life, and underdrain cleaning will be required only once or

tw ce a year

4.2.2 A polyurethane bl ade should be used on the front-end
| oader bucket. Avoid the use of skid-steering |oaders to prevent
medi a damage.
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4.2.3 Wedgewat er beds have less nedia clogging if high pressure
hoses are used to clean the tiles.

5. VACUUM ASSI STED BED

The vacuum assi sted sl udge dewatering bed (VADB) uses
comercially avail abl e equi pnent to apply a vacuumto the
underside of a rigid, porous, nedia bed on which conditioned
sl udge has been applied. The theory is that gravity, assisted by
the vacuum draws the water through the nedia, |eaving the dry
solids on top. VADB systens are capable of dewatering sludge to
a final solids content of about 14 %in 24 hours and 18% or
hi gher in an additional 24 hours. The primary elenents of a
typical facility are as foll ows:

I an outdoor, concrete structure with synthetic nedia plates
I filtrate collection and drai nage system

I polyner feed system

I sludge distribution system

I vacuum system

I washwat er system

I controls

Figure 5-1 (next page) shows a schematic view of a vacuum
assisted dewatering facility.

5.1 Recommended Desi gn Consi derati ons:

5.1.1 VADBs are generally used for smaller treatnent plants,
i.e., < 7579 n?f/day (2.0 ngd). Sludge is seldomas dry as that
renmoved from sand drying beds. Total solids content varies from
site to site and depends on several factors including the basic
type of treatnent process, sludge conditioning, sludge feed
rates, and cycle tines.

5.1.2 The bed design is simlar to that of a wedgewater bed
descri bed previously.

5.1.3 |If adverse weather conditions dictate, the beds should be
cover ed.
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Figure 5-1 Schematic--Vacuum Assisted
Sludge Drying Bed

5.1.4 The system equi pnent manufacturer’s reconmmendati ons shoul d
be considered for any design of a VADB system The basis for
design is the plant's average annual sludge production rate in
dry solids (ie., pounds or kilograns per year) and the nunber of
cycles per week that can conveniently be perforned. For
reliability, a mninmmof two beds should be constructed. USEPA
recommends that a solids |loading rate of 10 kg/nt /cycle (2

I b/ft2 /cycle) is acceptable (5). Adjustnents, based on the
expected efficiency and effectiveness of the operation, may be
consi dered. Mbst VADB designs are based on a 24-hour cycle tine.
Sl udge | oadi ng rates should be approximately 9.4 1/s (150 gpn).

5.1.5 Supernatant decanter devices should be installed to
si mul taneously renove water fromthe surface of the beds.

5.2 Operational Considerations:

A-8
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5.2.1 A common conpl aint of VADB operators is that the sludge is
not bl adeable in the predicted time and therefore, requires |ong

drying cycles. This problemis due mainly to inadequate drai nage
caused by nedi a blinding and/ or underdrain clogging and to nedi a

destruction caused by front-end | oaders or epoxy failure.

5.2.2 Plant operators recomend a pol yurethane bl ade be used on
the front-end | oader bucket to prevent damage. Skid-steering
| oaders are al so i nappropriate for this system

5.2.3 Tile cleaning is nore difficult than for wedgewater beds.
Medi a blinding was reported as a major problemw th a few
exi sting VADB systens.

5.2.4 VADB produce a faster turnover rate than sand beds.
5.2.5 VADB systens can be operated year-round.
6. REED BED

A new techni que being used for sludge dewatering in the
United States for the past few years enploys the common reed,
genus Phragmtes. This treatnent nethod is often called the
"reed bed" process since sludge is applied to a pre-designed
stand or gromh, essentially a bed of reeds. The Max-Pl anck
Institute of West Germany originally conducted research in the
|ate 1960's and early 1970's on the use of the reed bed systemto
process and dewater wastewater sludges fromsnmall wastewater
treatnent plants. Although the process was originally used for
wastewater treatnent, it was extended to sludge dewatering in
1980. Using the reed bed system sludges from wastewat er
treatnment plants are applied to an actively growi ng stand of a
comon reed under controlled conditions. The grow ng reeds
derive nmoisture and nutrients fromthe sludge, and with tinme, the
rooted plants and the acconpanyi ng root ecosystemalter the
characteristics of the sludge, resulting in dewatering and
i nproved sludge characteristics. |In addition to evapotrans-
piration, natural environnental processes, such as evaporation
and drai nage contribute to the noisture | oss and dewatering as
wi th conventional sludge beds. Wastewater treatnent plants in
the northeastern United States have been using reed bed
t echnol ogy successfully for dewatering sludge since the early
1980’ s.
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The primary el enents and characteristics of the reed bed
process are as foll ows:

I Bed construction is simlar to that of sand dryi ng beds.
Oten retrofitted sand drying beds are used.

I Excavated trenches are lined with an inperneable materi al
and filled wth two sizes of gravel and a top layer of filter
sand.

I Reed root stock or small plants are planted in the sand
| ayer and the trenches are flooded to pronote reed grow h.

I A one neter freeboard above the sand |l ayer is provided to
allow for long term sludge storage.

I After plants are well established, stabilized, thickened
sludge (3 to 4% solids) is applied to the bed in 10 cm (4 inches)
| ayers at regular intervals.

I Annual harvesting of reeds and their disposal by
landfilling, burning, or conposting is required.

I Sludge is not renoved regularly. Sludge renoval cycle tine
is 6 to 10 years.

Figure 6-1 (next page) shows a typical cross-section of a reed
bed.

6.1 Recommended Desi gn Consi derations:

6.1.1 A conparison between sludge dewatering with conventi onal
sand beds and the reed bed nethod shows that reed beds can
provi de adequate or margi nal dewatering for both aerobically and
anaerobically digested sludges, if all the existing sand drying
beds are converted to reed beds.

6.1.2 The nost obvious advantage of reed beds is the elimnation
of | abor for regular sludge renoval from sand drying beds. The
process also offers many distinct advantages with respect to
reduced costs, |abor and mai ntenance. Reed beds can al so be
constructed from existing sludge drying beds.

6.1.3 Use greenhouses with caution. G eenhouse environnments may
generate severe heat and drought stress on the reeds.

A-10
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6.1.4 Higher volunmes of aerobically digested sludge nay be
dewat ered than that of the anaerobically digested sl udge.

Figure 6-1 Section--Reed Bed

Suggested solids loading rates are as follows (1):

1
For aerobic sludge: 9 to 95 kg/nt/yr (2 to 20 | bs/ft2/ yr)
USEPA i ndi cates that operational systenms in the northeast

U S. average |oading rates of 81 kg/nm?/yr (17 I bs/ft2/yr(5).
USACERL studies indicate an average |oading rate of 52
kg/n¥/yr (10.9 Ibs/ft2/yr) for systens in the U S.

For anaer obi c sludge: 9 to 57 kg/n®/yr (2 to 12 | bs/
ft2/yr). USACERL studies indicate an average | oading rate of

22 kg/m?/yr(4.7 I bs/ft2/yr) for systens in the U S

6.1.5 Provide multiple beds to allow for sludge renoval and
mai nt enance of beds.

6.2 Operational Considerations

A-11
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6.2.1 USEPA recomends that thickened sludge (3 to 4% solids) be
applied to the beds.

6.2.2 The reeds nust be harvested annually and subsequently
di sposed of in an acceptable manner. Operational problens

i ncl ude aphids and weed growt h for younger reeds. Labor for
weedi ng operations should be estinated fromone to 10 nan-days
per year. Estimates vary depending on size of the operation.

6.2.3 Salinity affects the reed height and growth. Maxi mum
recommended salinity is 4.5%

6.2.4 During freezing nonths, sludge application is normally
st opped and the reeds are harvest ed.

7. SLUDCGE FREEZI NG BED

A sludge freezing bed is a unit operation that uses natural
freeze-thaw to condition the sludge for dewatering. It is nost
applicable in regions having three nonths per year of subfreezing
tenperatures. Freezing beds can be used with conventional drying
beds to provide year-round sl udge dewatering.

The design incorporates a covered, in-ground contai nnent
structure with drainage and ranp access. Drainage may be simlar
to conventional sand drying beds or synthetic nedia (wedgew re)
systens. During winter nonths, the sludge is added to the bed in
| ayers. Successive |layers are added as the previous |ayer
freezes. At the end of the cold season, the bed is allowed to
thaw and drain. Dewatering occurs by the renoval of the
mel twater by the underdrain system Once the desired
solid/liquid content is achieved, the dewatered sludge is renoved
by mechani cal nmeans. The bed may be used as a conventi onal
covered drying bed during warner nonths.

The Col d Regi ons Research and Engi neering Laboratory
(USACRREL) was involved in a denonstration project at Fort
Greely, Alaska and assisted in freezing bed design for projects
constructed at Eielson Air Force Base, Al aska, and Fort MCoy,

W sconsi n.

The primary features and characteristics of the freezing bed
dewat eri ng system are as foll ows:

I The facility consists of a basin with an underdrain system
where sludge is deposited in layers and allowed to freeze.

A-12
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Basins are usually covered to keep precipitation out.

The process requires no chemcal addition. ie., polyners are

required.

The operation requires no special skills to operate.

Figure 7-1 bel ow shows a typical sludge freezing bed.

Vehicle
Access Romp

round
Concrete Tank

Overtiow ond

; |
|
L& |
:L N«.ﬂo Return Pipe
< I )

Figure 7-1 Typical Sludge Freezing Bed

Recomrended Desi gn Consi derati ons:

Freezing is dependent on natural climatic conditions at the
proposed site. Any |ocation having three nonths per year or
nore of tenperatures at or below 0° C may be consi dered.
Sludge freezing is a reliable dewatering nethod for nost of
the northern U S. Figure 7-2 (next page) shows where sl udge
freezing beds may be used in North America (3).

Any type of sludge will benefit fromthe freeze thaw cycle.
However, it is recommended that stabilized and thi ckened

A-13
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Figure 7-2 Recommended Locations of Sludge Freezing Beds
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sludge (3 to 7% solids content) be applied to avoid odor
probl ens, maxi m ze effectiveness, and reduce cost.
I Design the systemfor the worst case conditions to insure

successful performance, ie., warnest wnter.

Consi der a pre-engineered netal roof as part of the facility
design to protect the area from snow.

Desi gn Procedure:

The size and capacity of the freezing beds depends on the
depth of sludge that can be frozen and subsequently thawed a
season. In very cold climtes, the depth of sludge that can be
frozen may be greater than the depth that can be thawed. In that
case, the thawing depth will be limting and should be used for
design. The freezing depth ranges fromless than 30 cm (12 in) to
nore than 180 cm (70 in) for nost of the northern United States.
Martel (3) has suggested that the freezing depth (D ) be
calculated fromthe follow ng rel ati onship

D = P (Tt - T ) / D L (M he + g/ 2K Eg. 1
in which P; = freezing period in hours
T, = freezing point tenperature in °C
T4 = average air tenperature during freezing in °C
Di = density of frozen sl udge
L = |atent heat of fusion
h, = convection coefficient
g = thickness of frozen sludge |ayer
Kis. = conductivity of frozen sl udge

The above equation assunes the freezing bed will be operated as
fol | ows:

1. Sludge is applied in layers and each layer is applied
when the previous |ayer has frozen.

2. The tenperature of the sludge is at the freezing point
when applied to the bed.

3. The surface of the bed is kept free of snow because it
woul d act as an insulator and slow the freezing process.

A-15
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The first assunption requires that each | ayer be nonitored
for conpl eteness of freezing. This may be acconplished manual |y
or automatically. An automatic device for nonitoring and control
of sludge application has been devel oped by the Cold Regi ons
Research and Engi neering Laboratory (CRREL). Consult CRREL for
addi tional information.

The second assunption, that sludge nust be at the freezing
poi nt when applied, is difficult to satisfy in practice. Sludges
are usually several degrees above freezing. Anaerobically
di gested sludge, especially, may be above 30° C. The design
shoul d all ow nuch of this heat to be dissipated into the
at nosphere before or during the application process. However,
sone nelting of the underlying sludge may occur.

Martel also has derived the follow ng equation to cal cul ate
the thaw ng depth (Y)

Y = [(Ks /2h)? + 2K P, /2B] Y2 - K/ 2h, Eq. 2

i n which B =DiL/ (Ty -T; + ™31 /[ hy)
K = the thermal conductivity of the settled sludge
2 = the fraction of settled sludge per unit depth
of thawed sl udge

P = t he thaw ng peri od

Ta = t he average anbient air tenperature during the
thaw in °C

o= t he sol ar absorptance of the sl udge

J = transmttance of the roof materia

t he average insolation during the thaw ng
period (Watts/nt)

Sonme of the physical and thermal properties of sludge are
assuned to be equivalent to those of water and ice since the
maj or conponent of nost sludges is water. The suggested val ues
for the variables in the above equations are as foll ows:

T, = 0°C

D; = 917 kg/ n?

L = 93.0 wattsehr/kg

h, = 7.5 Watts/ nte°C

g= 0.08 m(Freezing rate will decrease as g as

i ncreases.)
Kigs = 2.21 Watts/ m °C
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2 = 0.34 for anaerobically digested sludge
0.15 for aerobically digested sludge
K = 0.35 Watts/ m °C
" 0.9
J 0.9 (transmttance of fiber reinforced pol yester)

Val ues for P;, Py, Tu, T4, and | can be obtained froml ocal
cl i mat ol ogi cal dat a.

7.2 Operational Considerations:

I The process is applicable to all types of sludges.

The operation requires no special skills or equipnent.

The beds are cl eaned nechanically rather than by hand.

The process elimnates separate storage of sludge during
W nter nonths.

Qdors associated with unstabilized biol ogical sludges may
beconme a concern during the thaw ng stage.

Cost effectiveness of the process will depend on the
required area, the cost of land, and the operating costs for
mul tiple winter applications.

FREEZI NG BED DESI GN EXAMPLE ( 3)

The design of a sludge freezing bed is denonstrated in the
followi ng exanple. The two sites selected have different natural
freezing and thaw ng energies. Hanover is a typical location in
a tenperate climate while Fairbanks is a typical location in a
subarctic climate. Mnthly average air tenperatures and
insol ation data for both sites are shown in Table 7-1 bel ow

From these data P;, P, Tx, Ts, and I and were cal cul ated
for each site as foll ows:

For Hanover,

P = January, February, March = 121 days = 2,904 hours
P.n = April - Novenber = 244 days = 5,856 hours

T4 = [-5.1-9.2-7.3-0.1] / 4 = -5.4°C.

Tnx = [6+13.4+17.5+20. 3+18. 4+14. 1+7.5+2. 4] /| 8 = 12.5°C.
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| = [202+210+232+249+199+151+98+66] / 8 = 76 Wnt

TABLE 7-1 Monthly Average Air Temperature and Isolation Data for Fairbanks, AK and
Hanover, NH

Fairbanks, AK Hanover, NH
Month Temperature, °C | Insolation, W/m? | Temperature, °C | Insolation, W/m?

(1) (2) (3 (4) 5
January -9.2 70 -23.9 8
February -7.2 107 -19.7 34
March -0.1 140 -12.4 103
April 6.0 202 -1.1 182
May 134 210 8.7 223
June 175 232 14.9 244
Jduly 20.3 249 16.1 210
August 184 199 13.1 153
September 14.1 151 7.0 87
October 7.5 98 -3.4 40
November 24 66 -15.9 13
December 5.1 59 -22.8 3

For Fai r banks,

P; = October - April = 212 days = 5,088 hours

P, = May - Septenber = 153 days = 3,672 hours

Ts = [-3.4-15.9-22.8-23.9-19.7-12.4-1.1] | 7 = -14.2°C.
T, = [8.7+14.9+16. 1+13.1+7.0] / 5 = 12.0°C.

| = [223+244+210+153+87] / 5 = 183 Wnt

The final design depth for a potential site will be the
| esser of the depths predicted by Equations 1 and 2. Based on
t he above data and cal cul ati ons, the freezing design depths (D)
predicted from Equation 1 for Hanover and Fairbanks are 1.2 m (4
ft) and 5.6 m (18 ft), respectively. The thaw ng design depths
Y) predicted fromEquation 2 for anaerobically digested sludge
2 = 0.34) for Hanover and Fairbanks are 2.0 m (6.5 ft) and 1.5 m
5 ft), respectively. Fromthese calculations it is apparent
hat the freezing design depth would be the limting criterion
or Hanover. Conversely, the thawi ng design depth woul d be

(
(
(
t
f
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limting for Fairbanks. The final depths used for design should
be 1.2 m(4 ft) for Hanover and 1.5 m (5 ft) for Fairbanks.

For 3,785 n#/day (1 ngd) plant with a total suspended solids
concentration of 200 ng/l in the raw sewage and a 6% solids
content in the sludge fromthe digester or sludge thickener, the
size of the freezing bed for each |ocation can be cal cul ated as
fol |l ows:

| nfl uent solids
365 days/yr

200 mg/| x 3,785 n#/d x 10° 1/nm# x 10°® kg/ng X

276, 305 kg/yr
Solids to digester = 0.6 x 276,305 kg/yr = 165, 783 kg/yr
Solids to freezing bed = 0.5 x 165,783 kg/yr = 82,892 kg/yr

Sl udge volunme = 82,892 kg/yr / 0.06 x 1.0 1/kg x 103® m/| =
1,382 n#/yr

Freezing bed area 1,382 n#/yr [/ 1.2 myr 1,152 n? for Hanover

Freezing bed area = 1,382 n¥/yr / 1.5 myr

921 n* for Fairbanks

8. REFERENCES

8.1 Kim Byung J., R R Cardenas, and Satya P. Chennupati, An
Eval uati on of Reed Bed Technol ogy to Dewater Arny WAst ewat er
Treatment Plant Sludge, TR EP-93/09 (U. S. Arny Construction
Engi neeri ng Reasearch Laboratory [ USACERL], Septenber 1993).

8.2 Kim Byung J., R R Cardenas, C.S. Gee, and J. T. Brandy,

Perf ormance Eval uation of Existing Wedgewat er and Vacuum Assi st ed
Bed Dewat ering Systens, TR N-92/02/ ADA246917 (U.S. Arny
Construction Engi neeri ng Reasearch Laboratory [ USACERL], January
1992) .

8.3 Martel, C. Janes, Devel openent and Design of Sludge Freezing
Beds, ASCE Journal of Environnental Engineering, Vol 15, No. 4,
August 1989.

8.4 Martel, C. Janes, Operation and Performance of Sludge
Freezing Bed at Fort Mcoy, Wsconsin, Proceedings of the 7th

A-19



ETL 1110- 3- 477
30 Apr 96

I nternational Cold Regions Engineering Speciality Conference,
Ednonton, Al berta 7-9 March 1994

8.5 USEPA, Process Design Manual for Dewatering Minicipal
Sl udges, EPA/ 625/ 1-87-014 (USEPA, Septenber 1987).

8.6 USEPA, Process Design Manual for Sludge Treatnent and
Di sposal , EPA/ 625/ 1-79-011 (USEPA, Septenber 1979).

A-20



